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Coupling between the defect mode of a cholesteric liquid crystal and the localized mode of the 
cholesteric liquid crystal–phase plate–metal structure is theoretically demonstrated. It is shown that 
the transmittance spectrum can be tuned by changing the twist defect angle and helix pitch, which 
are governed by external factors. The spectra for different circular polarizations of the incident light 
are different; specifically, at the nondiffracting polarization, there is no defect-mode transmittance 
peak. 
 
I. INTRODUCTION 
 
In recent years, the interactions between different optical resonances have been 
intensively investigated. One of such resonances is often the optical Tamm state 
called also the Tamm plasmon. It is implemented when the light is locked at the 
interface between a photonic crystal and a medium with the negative permittivity [1, 
2] or between two photonic band gap materials [3]. Such localized modes at the 
interface between two highly-reflecting materials can be formed by both ТЕ and ТМ 
linear polarizations and excited at any light incidence angles. In experiments, a 
Tamm plasmon can be observed as a narrow resonance in the transmittance or 
reflectance spectrum of a sample. The keen interest in Tamm plasmons is due to their 
high potential for application in lasing [4] and sensing [5]. 
Different variants of coupling of Tamm plasmons with other modes, e.g., 
cavity modes, exciton polaritons [6–8], and surface plasmons [9, 10], were proposed. 
These hybrid modes are characterized by the anticrossing of resonances upon tuning 
the position of one of them. The position of a Tamm plasmon can be tuned by 
changing the thickness of a top layer adjacent to the metal or the thickness of the 
metallic film. The tunable hybrid Tamm microcavities were studied by Pankin et al. 
[11]. Liu et al. demonstrated coupling between the localized surface plasmons with 
hybrid Tamm plasmons [12]. Zhang et al. proposed to use the hybrid Tamm plasmon 
polariton/microcavity modes in white top-emitting organic light-emitting devices 
[13]. Mischok et al. demonstrated a novel near-infrared detector design based on a 
Tamm plasmon polariton microcavity to optically enhance the charge-transfer state 
absorption in the bulk heterojunction of an organic photodiode [14]. Kumar et al. 
proposed a coupled Tamm-plasmon-polariton (TPP) hybrid-mode-based self-
referenced refractive-index sensor [15]. 
The sensitivity of liquid crystals to the external factors makes them promising 
for application in optical systems. Cholesteric liquid crystals (CLCs), similar to one-
dimensional photonic crystals, have a photonic band gap [16, 17]. At the normal 
incidence of light, the band gap is the only for the light with the diffracting circular 
polarization coinciding with the cholesteric helix twist. The radiation with the 
nondiffracting circular polarization is not reflected from such a structure. The band 
gap exists in the wavelength range of pno < λ < pne, where p is the helix pitch, no and 
ne are the ordinary and extraordinary CLC refractive indices, and λ is the optical 
wavelength in a medium. The helix pitch is the distance after which the director 
pointing the preferred orientation of molecules turns by 2π. 
The defects embedded in the ideal CLC structure lead to the occurrence of 
narrow transmission bands in the band gap, which correspond to the localized defect 
modes. There are several ways of inducing the photonic defect modes in a CLC. This 
can be obtained by using a thin layer of an isotropic [18–20] or anisotropic substance 
[21–23] placed between two CLC layers, a twist defect (jump of the angle of rotation 
of the cholesteric helix) [24–27], or a defect caused by the local CLC helix pitch 
change [28–30]. The photonic defect modes in a CLC containing a combination of 
several defects were studied in [31–33]. 
The transmission bands corresponding to the localized defect modes occur at 
the circular polarization of light with the twist consistent with the CLC helix twist. At 
the opposite circular polarization, the spectrum contains deeps at the frequencies of 
the transmission peaks. 
The advantage of a CLC is its tunability. The CLC structure can be changed by 
the temperature variation, external electric and magnetic fields, or photo-orientation 
effect. In particular, one can change the cholesteric helix pitch and, thus, tune the 
band gap position. In addition, the defect variation can be used to tune the spectral 
properties of a structure. 
Previously, some attempts were made to obtain a Tamm plasmon at the 
interface between a CLC and a metallic layer. We demonstrated the possibility of 
existence of the localized optical state (optical Tamm state) in the CLC–quarter-wave 
phase plate–metallic film system [34, 35], hereinafter referred to as CLCPPMeS. The 
need in a phase plate is dictated by the polarization features of light reflection from 
the CLC and metal. The light reflected from the CLC preserves its circular 
polarization, while the transmission through the metal changes it. In this system, the 
maximum field localization is observed at the phase plate/metal interface. The role of 
a phase plate can be played by the additional oppositely-handed CLC layer [36] or a 
planar anisotropic defect in the CLC [37, 38]. 
In this work, we investigate coupling of the CLC defect modes with the 
CLCPPMeS localized modes and formation of tunable hybrid localized optical 
modes. The defect mode is induced by the twist defect of a crystal structure. 
 
II. DESCRIPTION OF THE MODEL 
 
The structure under study is shown in Fig. 1. It consists of a right-handed CLC 
with the structural twist defect, a quarter-wave phase plate, and a metallic film. The 
CLC parameters used in the simulation involved extraordinary and ordinary 
refractive indices of ne = 1.71 and no = 1.54, respectively, and a helix pitch of р = 0.4 
µm. The parameters correspond to the mixture of a chiral center (Merck, S-811) and a 
nematic liquid crystal (Merck, E44) [39]. The band-gap center of the specified CLC 
is positioned at a wavelength  of  λ    = 650 nm. The CLC length is 4 µm and there is a 
twist defect (helical phase jump) at the layer center. The pitch numbers on the left 
and on the right from the defect are the same. The twist defect size is specified by 
angle α. The CLC layer was assumed to rotate clockwise at the observation along the 
light propagation direction. 
Let the CLC refractive indices ne and no be equal to the corresponding indices 
of the phase plate. The quarter-wave plate thickness is d = λ0/4(ne–no) = 0.96 µm, λ0 –
длина волны в вакууме. The structure is surrounded by a medium with the refractive 
index equal to the averaged CLC refractive index next = (ne + no)/2. The metallic film 
thickness is dm = 50 nm and the film permittivity is specified by the Drude 
approximation 
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where ε0=5 is the ionic core contribution, ħωp=9 eV is the plasma frequency, and γ = 
0.02 эV is the reciprocal relaxation time [40]. These parameters are typical of silver. 
The simplest way of obtaining the proposed structure to use polymer 
cholesteric elastomers [41] instead of conventional CLCs. Schmidtke et al. [27] and 
Castro-Garay et al. [42] experimentally observed the photonic defect modes induced 
by the twist structural defect in such cholesteric materials. The twist defect can be 
formed by rotation of one part of the elastomer relative to the other part around the 
helix axis so that the director variation continuity is broken. The spectral properties of 
such materials, similar to the properties of conventional CLCs, can be changed by 
using various factors [43, 44]. 
The combination of the quarter-wave plate and metallic film can be replaced by 
a polarization-preserving mirror, as was proposed in [45]. 
 
III. RESULTS AND DISCUSSION 
 
The transmittance spectra and field intensity distribution for the structure were 
determined using the transfer matrix method for calculating stratified anisotropic 
structures proposed by Berreman [46]. 
Figure 2a presents the calculated transmittance spectrum recorded upon 
variation in the twist-defect angle α for the right-handed circular polarization of 
incident light. In the calculation, the first CLC layer was rotated, while the second 
layer adjacent to the phase plate was fixed. In the absence of a twist defect (α = 0), the 
spectrum only contains a peak at a wavelength of 643 nm, which corresponds to the 
CLCPPMeS localized mode. As the α value increases, the defect-mode peak shifts to 
the long-wavelength region. At α = 1.38 rad, the wavelengths of the two peaks 
coincide and the resonance frequency splits. The split peaks are positioned at 
wavelengths of 637 and 649 nm (inset in Fig. 2а). Upon variation in the α value, the 
spectrum demonstrates the anticrossing typical of hybrid states. 
The white dashed line in the plot shows the position of the resonance 
wavelength for the CLC with a CLC twist defect [32] 
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where λ2 and λ1 are the long- and short-wavelength boundaries of the CLC band gap. 
Since the investigated CLC layer is merely 4-µm-thick, its band gap is broader than 
pno < λ < pne and, consequently, we have λ2 – λ1 ≠ p(ne –no). This fact was used when 
plotting the white dashed line in Fig. 2а. 
At the incidence of light with the left-handed circular polarization, the different 
spectrum is obtained (Fig. 2b). The transmittance peak corresponding to the CLC 
defect mode is absent. This is due to the fact that, as we mentioned above, the 
spectrum of the light with the nondiffracting circular polarization contains a weak 
deep. Therefore, when the frequencies of the peaks corresponding to the CLCPPMeS 
localized mode and CLC defect mode coincide, the splitting does not occur. 
Figure 3 shows the spatial distribution of the squared absolute value of electric 
field |E|2(z) for a wavelength of 649 nm at α = 1.38 rad for both circular polarizations 
of the incident light. In both cases, the field is localized on the twist defect and at the 
plate/metal interface. However, at the incidence of light with the right-handed 
circular polarization, the field is localized much stronger. At 637 nm, the |E|2(z) 
distribution is similar. 
Changing the helix pitch by using external factors, one can effectively tune the 
CLC transmittance spectrum. We calculated the transmittance spectrum for the 
structure shown in Fig. 1 at different CLC helix pitches (Fig. 4). As was shown in 
[34], the condition for the existence of localized optical modes in the CLCPPMeS is 
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If the parameters of the CLC and phase plate are strongly different and this 
ratio is not valid, there are no optical states localized at the phase plate/metal 
interface. Therefore, at the helix pitches significantly different from 400 nm, the 
spectrum only contains the peak corresponding to the CLC defect mode. 
The change in the phase plate thickness leads to the change in the transmittance 
spectrum of the structure. We studied the properties of the structure containing a 
phase plate with a thickness of d’=5d = 4.8 µm. The plate remains quarter-wave 
relative to a wavelength of λ0=650 nm and a birefringence of 0.17. At this plate 
thickness, the spectrum includes several peaks corresponding to the localized modes 
of the CLC–phase plate–metal system. Changing the twist defect, one can tune the 
transmittance spectrum of the investigated structure (Fig. 5). 
 
 
IV. CONCLUSION 
 
Thus, we demonstrated the existence of hybrid optical modes formed by the 
CLC defect mode and localized modes of the CLC–phase plate–metal structure. The 
defect mode is excited by the twist defect of the cholesteric structure. We showed the 
possibility of tuning the transmittance spectrum structure CLCPPMeS by changing 
the twist-defect angle and CLC helix pitch. The helix pitch can be changed using 
external factors, e.g., electric field. The spectra for the light with different circular 
polarizations are different, because the resonance corresponding to the defect mode at 
the nondiffracting circular polarization of light has a deep instead of a transmittance 
peak. 
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FIGURES 
 
 
Fig. 1. Schematic of the structure. 
 
 
 
Fig. 2. Transmittance of the structure (Fig.1) as a function of twist defect angle α for (a) the right- 
and (b) left-handed circular polarizations of incidence light. The first CLC layer is rotated and the 
CLC layer adjacent to the phase late is fixed. Inset: transmittance spectrum at α = 1.38 rad; the 
resonance wavelengths correspond to the CLCPPMeS localized mode and CLC defect mode. 
 
 
Fig. 3. Spatial local electric field intensity distribution in the structure from Fig.1 for the right- and 
left-handed circular polarizations of incidence light at a wavelength of 649 nm. 
 Fig. 4. Transmittance of the structure from Fig. 1 as a function of the CLC helix pitch. The white 
dashed line shows the position of the CLC defect mode peak calculated using formula (2) at 
α = 1.38 rad. 
 
 
Fig. 5. Transmittance of the structure from Fig. 1 as a function of the twist-defect angle for the 
right-handed circular polarization of incidence light. The first CLC layer is rotated and the CLC 
layer adjacent to the phase plate is fixed. The white dashed line shows the position of the CLC 
defect mode peak calculated using formula (2). d’=5d. 
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Fig. 2. Transmittance of the structure (Fig.1) as a function of twist defect angle α for 
(a) the right- and (b) left-handed circular polarizations of incidence light. The first 
CLC layer is rotated and the CLC layer adjacent to the phase late is fixed. Inset: 
transmittance spectrum at α = 1.38 rad; the resonance wavelengths correspond to the 
CLCPPMeS localized mode and CLC defect mode. 
Fig. 3. Spatial local electric field intensity distribution in the structure from Fig.1 for 
the right- and left-handed circular polarizations of incidence light at a wavelength of 
649 nm. 
Fig. 4. Transmittance of the structure from Fig. 1 as a function of the CLC helix 
pitch. The white dashed line shows the position of the CLC defect mode peak 
calculated using formula (2) at α = 1.38 rad. 
Fig. 5. Transmittance of the structure from Fig. 1 as a function of the twist-defect 
angle for the right-handed circular polarization of incidence light. The first CLC layer 
is rotated and the CLC layer adjacent to the phase plate is fixed. The white dashed 
line shows the position of the CLC defect mode peak calculated using formula (2). 
d’=5d. 
 
